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du CNRS associe´ a l’Université de Franche-Comte´, JMFC FRW 0067, 25030 Besancon Cedex, France

Bernard Gauthier-Manuela)

Laboratoire de Physique et Me´trologie des Oscillateurs du CNRS associe´ a l’Université de Franche-Comte´,
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We present here the measurement of the single-polymer entropic elasticity and the single covalent
bond force profile, probed with two types of atomic force microscopes~AFM! on a synthetic
polymer molecule: polymethacrylic acid in water. The conventional AFM allowed us to distinguish
two types of interactions present in this system when doing force spectroscopic measurements: the
first interaction is associated with adsorption sites of the polymer chains onto a bare gold surface,
the second interaction is directly correlated to the rupture process of a single covalent bond. All
these bridging interactions allowed us to stretch the single polymer chain and to determine the
various factors playing a role in the elasticity of these molecules. To obtain a closer insight into the
bond rupture process, we moved to a force sensor stable in position when measuring attractive
forces. By optimizing the polymer length so as to fulfill the elastic stability conditions, we were able
for the first time to map out the entire force profile associated with the cleavage of a single covalent
bond. Experimental data coupled with molecular quantum mechanical calculations strongly suggest
that the breaking bond is located at one end of the polymer chain. ©2000 American Institute of
Physics.@S0021-9606~00!50530-3#

I. INTRODUCTION

In complex systems such as synthetic and natural poly-
mers, the challenge is to measure and evaluate their proper-
ties at the molecular scale and to relate these to the structures
at various length scales and to macroscopic properties. Poly-
mer materials are known for their rich structural and me-
chanical behavior originating from their macromolecular na-
ture. The system we used in this study consists of a self-
assembling mixed monolayer of 12-mercapto-1-dodecanol
and polymethacrylic acid (N̄w /N̄n'2) substituted at both
ends with a thiol group~HS-PMAA-SH!. This system was
probed with two types of atomic force microscope~AFM!.
The conventional AFM, with a soft cantilever~0.07 N/m!, is
well known for its good force resolution~,100 pN!, allow-
ing the investigation of an individual molecule’s properties,
such as entropic elasticity,1–8 bond strength between biologi-
cal receptors/ligands,9 and, more recently, strength of a
single covalent bond.10 Nevertheless, due to its intrinsic prin-

ciple relying on the use of a soft cantilever acting as a spring,
one cannot control the distance between the end-to-end ter-
minations of the probed species. This major drawback leads
to a convolution effect in the force/distance curves measured
and explains the undesirable instability~arrows in Fig. 1!
taking place when the gradient of attractive forces exceeds
the spring constant of the cantilever. As a result, when mea-
suring bond strength, a very informative part of the force
profile remains obscured. If one wants to go a step further in
the understanding of the mechanism involved when doing
force spectroscopy measurements, one must move toward a
new force sensor radically different in its principle to mea-
sure forces. Hence, to inspect more closely this unexplored
region, we used a recently developed instrument named the
magnetic levitation force microscope~MLFM !. This original
force balance was previously illustrated by its remarkable
and powerful ability to depict the entire range of a force
profile, even in the presence of attractive forces.11 Its prin-
ciple relies on precisely controlling and imposing the tip/
sample distance, and therefore the end-to-end distance of the
species probed. This can be realized by compensating for alla!Authors to whom correspondence should be addressed.
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forces acting on the tip by means of an electromagnetic sys-
tem and a built-in servo loop.12,13 The measured distance
corresponds now to the true distance separating the tip and
the surface, and forces are equilibrated at any moment. The
only noticeable drawback of this apparatus is its lower force
resolution~'500 pN! compared to the usual AFM.

II. EXPERIMENT

A. Polymer synthesis

PMAA, substituted at both ends with thiol groups~HS-
PMAA-SH!, was synthesized via living free-radical poly-
merization according to the procedure described by Otsu
et al.14 To obtain HS-PMAA-SH, p-xylylene-bis~N,N-
diethyldithiocarbamate! ~XDC! was used as a bi-functional
initiator; the thiocarbamate-functional PMAA was subse-
quently hydrolyzed with KOH, converting it to HS-PMAA-
SH.

B. Tip preparation

Coadsorption of HS-PMAA-SH and 12-mercapto-1-
dodecanol onto a gold-coated tip provides a spontaneously
formed mixed monolayer in which the polymer is randomly
distributed.15 By changing the relative concentration of spe-
cies, the grafting density of polymer chains onto the gold
surface can be easily adjusted. Furthermore, the use of 12-
mercapto-1-dodecanol limits the formation of loops that oc-
curs when only HS-PMAA-SH is used.16 Hence only one
thiol group at one end of the polymer chain is covalently
bonded~Au–S! onto the tip, the other thiol being free to
spontaneously form an Au–S bond when a bare gold surface
is approaching. HS-PMAA-SH chains in the presence of
pure water swell and expose their reactive sites~thiol groups!
to the surrounding medium.

C. Conventional AFM

In the conventional AFM, the vertical displacement of
the cantilever is measured by means of the laser beam de-
flection technique and, via its spring constant, is correlated
with the forces exerted between the modified tip~integrated
on the cantilever! and the bare gold surface. The force/
distance curves presented here have been deconvoluted1 to
obtain the true force profile, since the distance recorded by
AFM corresponds to the displacement of the piezo and does
not take into account the displacement of the tip, which also
moves during measurements due to the finite stiffness of the
cantilever.

D. Magnetic levitation force microscopy

The principle of the MLFM is based on exerting a ver-
tical magnetic force, by circulating an electric current
through a coil, on a small samarium cobalt magnet. This
magnetic force balances continuously the sum of all forces
exerted on the magnet via the integrated tip. The design of
the magnetic field ensures the radial stability of the equilib-
rium. In the vertical direction a feedback loop@proportional
integral differential~PID!#, associated with an optical posi-
tion sensor, drives the current through the coil and ensures

FIG. 1. Force/distance curve obtained when using a conventional AFM. The
squares represent the approach of the modified tip to the surface.~a! The tip
is far away from the surface: no interaction is observed.~b! Compression of
the coils plotted on log scale in the inset~Refs. 20, 21!. After a certain
repulsive force threshold, the movement of the surface is reversed~dots!. ~c!
and ~d! Stretching of sections of single polymer chain, which is tethered to
the surface via physical adsorption of its segments~the trains!. L1527 nm
and L2558 nm are the lengths associated with the parts of the polymer
chains being stretched.~e! Full elongation of the chain (L3574 nm)
stretched through its extremities, which are tethered to the surface and the
tip by covalent bonds~Au–S!.
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stability better than 0.05 nm.12 Thus, the magnet is placed in
levitation without contact with the surrounding medium. The
measurement of the current circulating through the coil gives
direct information on the forces exerted between the modi-
fied tip and a surface displaced from below by using a piezo-
electric device~0.0866 nm between two steps, i.e., two
points on the curve presented!. The magnet can be placed in
air or liquid. A computer drives the displacement of the sur-
face and records simultaneously and in real time~DSP ac-
quisition card! the value of the current, which is directly
translated into force.

III. RESULTS AND DISCUSSION

A. Results obtained with conventional AFM

Figure 1 represents a typical force/distance curve, ob-
tained with the conventional AFM, using a PMAA having an
average degree of polymerizationN̄n5275 and an estimated
grafting densitys51500mm22. During the approach, one
can only see the gradual increase of the loading force due to
the compression of the polymer chains, which can be mod-
eled using the formula17,18

F~d!'
100RL0kbT

s3 exp~22pd/L0!, ~1!

whereR is the radius of curvature of the gold-coated tip~125
nm!, L0 the size of the polymer layer,s the mean distance
between the grafting points of the chains~i.e., s5s20.5), kb

the Boltzmann constant (1.381310223JK21) andT the tem-
perature ~298 K!. The fitting of the curve19–21 for 0.2
,d/(2L0),0.9 ~see inset in Fig. 1! allows the determination
of L0'150 ands'16 nm, values which are consistent with
those obtained using AFM images,15,22 even if they are
somewhat larger than the expected ones as noticed by
others.18 It nevertheless confirms that a self-assembling
monolayer is formed with a grafting density allowing the
observation of single-molecule force events.

On the receding force/distance curve, we observe several
occurrences of attractive interactions, not present during the
approach. These events signal the bridging interaction of the
polymer onto the bare gold surface. When trying to separate
the two surfaces, the trapped polymer chain exerts a restoring
force on the cantilever through the tip via its anchoring
points on both surfaces. This force is mainly governed by the
entropic response of the polymer chain and the resulting
events can be fitted using entropic elasticity models, such as
the freely jointed chain~FJC! model,23

F~d!5
kbT

l k
L* S d

Li
D , ~2!

whereL* is the inverse Langevin function,Li the contour
length of the part of the chain being stretched, andl k the
Kuhn length, which is twice the length of one monomer unit
for PMAA. Thus, replacing the parameters by their theoret-
ical values, and merely by adjusting the value ofLi for each
event@L1 , L2 , L3 in Figs. 1~c!–1~e!#, one can easily fit all
these events~solid lines in Fig. 1!, and confirm their entropic
nature. Ultimately, when the force exerted on the cantilever

exceeds the bridging force anchoring the polymer onto the
surface, detachment of the polymeric chain occurs, leading
to the cantilever instability described before.

One may notice that the interactions fall within two dis-
tinct force-ranges during these force spectroscopic measure-
ments, strongly suggesting two types of polymer/surface in-
teractions involved in the bridging process. The first kind
~i.e., events associated withL1 and L2) lies within a force
range of 200 to 600 pN. The magnitude of these forces typi-
cally corresponds to a physisorption process of polymer seg-
ments with random length~trains! onto the bare gold surface.
The random number of these events depends on the number
of adsorbed sites within the polymer coil, a loop being
formed between two adsorbed sites.1 The other kind of force
has a well-defined amplitude of about 2.2 nN, as observed on
many force/distance curve profiles@Fig. 2~b!#. This type of
interaction always appears as the last event in the receding
part of the force profile (L3). If one considers that the poly-
mer chain we used has the ability to make a covalent bond
with the bare gold surface via its free thiol end group~–SH!,
the nature of these terminal events can easily be explained:
all the adsorbed sites being removed, one has actually
stretched the chain via its two covalently bonded extremities.
This time, the force has to overcome an important maximum
value, to liberate the two surfaces: a covalent bond must
break at some point. Therefore, the terminal rupture value of
2.2 nN can be directly associated with the cleavage of a
single covalent bond occurring at a fraction of full chain
extensiond/Li50.998. In a very small number of cases it
appears that one has stretched several polymer chains via
their extremities during one experiment, as illustrated in Fig.
2~b2!. As a result of the high polydispersity of the polymer
used, drastically limiting the possibility of stretching two
chains of the same contour length at the same moment, each
event appears well separated from the others, allowing its
individual recognition, and revealing the reproducibility of
the force-value involved during the rupture of a single cova-
lent bond. To confirm the covalent nature of these events, we

FIG. 2. Difference in force/distance curves between polymers tethered from
one or two thiol groups. Arrows correspond to the instabilities of the canti-
lever, the squares correspond to the approach, the dots to the receding move-
ment. Figures~a1!, ~a2!, and ~a3! represent the force-distance curves ob-
tained with PMAA bearing only one thiol group: only the adsorption effect
~a few 100 nN! can be observed. Figures~b1!, ~b2!, and~b3!, show the force
profiles observed when using PMAA bearing two thiols groups. The termi-
nal force value of 2.2 nN is associated with the rupture of a single covalent
bond in the system.
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performed blank experiments with polymer chains bearing
only one thiol group@Fig. ~2a!#. In this case, free thiol
groups are no longer available for covalent bonding with the
bare gold surface. The measured force profiles exhibit only
the adsorption effect described previously. This supports the
previous assumption that the polymer chains can be stretched
via their covalently bonded extremities, and that the mea-
sured value of 2.2 nN is indeed directly correlated with the
rupture of a covalent bond.

B. Results obtained with the MLFM

In order to further investigate this bond rupture process
we used the MLFM as a molecular tensile tester. But, if one
wants to map out the entire force profile associated with the
rupture of a single bond, one must take care of the polymer
length used when performing such experiments. In fact, as
shown previously, another effect is operative during the
cleavage of the bond: the entropic elasticity of the polymer
chains, acting as a nonlinear spring. Hence, despite the sta-
bility of the system used to measure forces, instability can
occur due to this uncontrollable external elasticity: the poly-
mer will jump out of contact if its entropic elasticity is lower
than the stiffness involved during the rupture of the covalent
bond. Measurements using the usual AFM allowed us to pre-
cisely determine all the parameters playing a role in the en-
tropic elasticity. For a proper evaluation of this effect, one
must compare the function that describes the stiffness of the
covalent bond~Morse function! to the one describing the
entropic elasticity of the polymer chain~FJC function!,
which strongly varies with contour length and chain exten-
sion. In order to allow this comparison and to get rid of the
distance dependencies, one can plot the stiffness of these two
models as a function of the applied force as shown in Fig. 3.
One can easily deduce from this figure that long polymer
chains ~'100 nm! cause instabilities occurring around the
maximum force-value needed to cleave a covalent bond. If
one chooses a smaller polymer length~'10 nm!, the force
profile associated with the cleavage of the bond can be re-
corded when using a force sensor stable in position such as
the MLFM. To fulfill this condition, we synthesized a shorter

polymer (N̄n555). To limit the amount of polymer tethered,
we also decreased the grafting density (s5400mm22), the
radius of the electrochemically etched tip being larger~'300
nm! than the one used with the standard AFM. Figure 4
represents an example of the interaction observed with
MLFM according to the above experimental conditions. The
approach@Fig. 4~a!# does not reveal any particular behavior
except the contact point between the two surfaces. One no-
tices that due to the use of a low grafting density and short
polymer chains, the exponential increase corresponding to
the compression of the chains cannot be distinguished from
the noise. During the receding movement@Fig. 4~b!#, a rela-
tively long-range interaction~'6 nm! takes place at short
separation distance. This interaction can be fitted with a
21/d2 law and can be associated with the van der Waals
~vdW! force between the tip and the surface24 (Fv.d.W.

52AR/6d2, A5Hamaker constant51.8310219J for the
fit!. As previously observed with standard AFM@Fig. 2~a3!#,
this interaction does not appear during the approach. This
can be explained by assuming that the polymer chains screen
this interaction during the compression part, or that they are
displaced laterally,25 leaving a gap for the two gold surfaces
to interact with each other when retracting. Beyond this van
der Waals interaction, the force remains zero for a few nm
and one may notice that the adsorption effect described be-
fore ~few 100 pN! cannot be distinguished from the noise.
We then see four sharp events, randomly distributed, indicat-
ing that the polymer chain is linked to both surfaces and
exerts a restoring force on the tip. Considering the noise
level of the MLFM ~0.5 nN!, the magnitude of the force
associated with these events~2.6 nN! is comparable to the
results obtained with the conventional AFM when rupturing
a single covalent bond. It is therefore more than likely that
all these events have the same origin as those previously
observed: the breakage of four covalent bonds from four dis-
tinct tethered polymer chains. Due to the high polydispersity
in the length of the polymer chains and the short-range in-
teraction of these events~'0.6 nm!, each appears well-
separated from the others, allowing individual peak analysis.

To confirm the covalent nature of these events, we fitted
several attractive peaks with a Morse force function, which
describes a covalent bond, as shown by the dashed lines in
Figs. 4~b! and 4~c!. The general equation for this function is

FMorse52
]

]d
VMorse

52bDe@exp~22bdx!2exp~2bdx!#, ~3!

whereDe is the dissociation energy,b is called the Morseb
parameter, anddx is the deviation from the equilibrium dis-
tance of the bond. We foundDe50.641 aJ andb50.96
31010m21. The value ofDe is typically in the range of the
dissociation energy for covalent bonds. The value ofb can
be related to the stiffnessks of the bond at its equilibrium
position (dx50) asb5(ks/2De)

0.5. We obtain experimen-
tally a value forks5118 N/m, which lies on the low side of
the stiffness range for a typical covalent bond~'250–500
N/m!.

FIG. 3. Comparison of the stiffness of the covalent bond and entropic elas-
ticity as a function of applied force. The stiffness of the Morse function was
plotted only for distance (dx).(dxmax5elongation corresponding to
Fmaximum), which corresponds to the region where instabilities can occur.
The parameters used are:b50.9631010 m21, De50.641 aJ. Two contour
lengths were used for the FJC function~10 and 100 nm!.
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The enlargement of one peak, represented in Fig. 4~c!,
reveals the force profile measured during this cleavage pro-
cess. This profile is in fact dominated by a combination of
two events taking place simultaneously: the entropic elastic-
ity, and the force associated with the rupture of a single
bond, acting in series. For a comparison of the effects, the
two models associated with these events are superimposed
on the data points. On the left part of the curve~1!, the force
profile is mainly dominated at low forces by the low stiffness
of the entropic elasticity. When the polymer chain reaches its
contour length~12.5 nm! close to point~2!, the sudden in-
crease of the nonlinear entropic elasticity stiffness, together
with the comparable high stiffness of the bond involved in
the rupture process~.few 100 nN/nm for forces,Fmaximum

to cleave the bond!, causes an abrupt change in the force
profile ~from 0 to 2.9 nN in less than 0.16 nm!. At point ~2!,
when the force has reached this maximum value, the stiffness
of the bond being cleaved drops suddenly down to zero and
then remains lower than the stiffness of the entropic elastic-
ity in the rest of the force profile~see Fig. 3!. This explains
that the bond rupture process mainly dominates this region
~3! of smooth force decrease, the entropic elasticity giving
only a slight convolution effect over the total distance mea-
sured by the MLFM. One can easily calculate the total re-
traction length of the polymer chain~0.07 nm! in this region,
which extends over about 0.6 nm. The noise level of the
MLFM limiting mainly the precision of the fit, this minor
retraction effect was neglected during the fit and the curves
presented were not deconvoluted.

C. Density functional quantum calculations

In order to gain some insight into which bond actually
breaks first in these experiments, we have performed a series
of density functional electronic structure calculations with
the ADF program package26,27 using the BLYP density func-
tional. To get a representative value for the rupture force of
each of the bonds present in the oligomers studied, we ana-
lyzed the rupture of the weakest bond in the suite of mol-
ecules Au–S~CH2!2–H, H–S~CH2!2–H, H–~CH2!3–H and
Au2 in which, respectively, the Au–S, S–C, C–C and
Au–Au bond breaks first. The rupture force was determined
by first optimizing the equilibrium geometry and then per-
forming a series of calculations where the end atoms were
fixed at increasingly larger distances~in steps of 0.1 Å out to
a stretch of 4 Å! while all other atoms relaxed to their
~strained! equilibrium positions. The force on the end atoms
was then calculated~using the analytical gradients deter-
mined by ADF! and plotted as a function of elongation after
which the maximum force, i.e., the rupture force could easily
be determined. The results are given in Table I. In all cases
the main backbone was constrained to be flat. We also re-
peated the calculations with longer oligomers
Au–S~CH2!4S–Au, which led to identical rupture forces for
the Au–S bond, thus verifying that oligomer length is not
important for this property.

In the case of the Au-containing compound it is essential
to include the effects of the theory of relativity into the cal-
culation as has been well known for quite some time28 and is
also evident from the large relativistic corrections in Table I.

FIG. 4. Force/distance curve obtained with MLFM, showing the force pro-
file associated with the cleavage of a covalent bond.~a! Approach of the two
surfaces.~b! Withdrawal of the surfaces. The black line corresponds to the
fit using a van der Waals function~Hamaker constant found51.8310219 J),
the dotted lines represent the Morse function (b50.9631010 m21;De

50.641 aJ).~c! Enlargement of one peak:~1! at low force value, entropic
stiffness (Lcontour512.5 nm) rules the force profile; when the force drasti-
cally increases, the measured profile is a combination of the entropic effect
and the bond rupture process;~2! the force reaches a maximum (Fmaximum),
the stiffness of the bond drops to zero;~3! in this region where the stiffness
of the bond is inferior to the entropic one~see Fig. 3!, the force profile
mainly reflects the bond rupture process.
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The method used was the scalar ZORA method described
before.29 Relativity usually leads to a bond shortening as
well as a stabilization in these cases,28 both leading to an
increase of the maximum force in the Au-containing bond.
These effects are understood28 to be a consequence of the
relativistic increase in mass of the valence electron with ve-
locity, which can be substantial for the 6s valence electron
of Au when it is close to the highly charged Au nucleus.

As a result of these calculations~see Table I!, C–C and
S–C bonds can definitively be ruled out, the maximum force
needed to break these bonds being, respectively, 6.0 and 3.7
nN, far above the experimental values. The only two remain-
ing bonds are the Au–Au~removing one gold atom from the
surface! or Au–S bonds, both residing at the extremities of
the polymer chain. Calculations can easily determine the
Au–S bond force maximum value. The value of 2.7 nN
found is consistent with the experimental value observed.
Concerning the gold-gold bond, it is difficult to model the
entire gold surface to determine the rupture force involved
when one gold atom is removed away from it. To simplify
the calculations for this bond, we have then chosen the sim-
plest possible representation, namely a dimer. A value of 2.5
nN was found for this bond, which is also in the range of the
measured values. However, it is entirely possible that this
calculated value is underestimated since all the interactions
from other gold atoms in/on the surface are not taken into
account. One cannot therefore completely determine at this
stage of knowledge, which bond of these two is the more
likely to break, but one can definitely affirm that the rupture
takes place in close proximity to the gold surface. This im-
plies that the one atom staying on the polymer chain during
this separation process will feel the van der Waals interaction
of the nearby gold surface. This could explain and support
that the measured profile obtained with MLFM extends over
a slightly longer range~'0.6 nm! than expected~'0.4 nm!,
resulting in an underestimation of theks value when fitting
the curve with a simple Morse model.

IV. CONCLUSIONS

We demonstrated that conventional AFM has the ability
to determine the rupture force of a covalent bond. Using its
high force sensitivity, we determined various relevant pa-
rameters from entropic elasticity force measurements on
tethered PMAA. From these constants, we were able to pre-
dict a suitable polymer length required to take full advantage
of the stability of a new force sensor named MLFM. This
apparatus, used as a microscopic molecular tensile tester,
confirmed the value previously obtained with the conven-

tional AFM, and allowed us to map out, in a direct way, the
entire force profile associated with the cleavage of a single
covalent bond. By fitting this profile, we obtained fundamen-
tal spectroscopic constants, which are currently only acces-
sible through vibrational spectroscopy experiments. These
experimentally determined constants lie within the range of
those already known for covalent bonds. Calculations reveal
that the atoms involved in the rupture process obviously be-
long to the extremities of the tethered polymer chain, even if
one cannot definitely settle which of the Au–Au or Au–S
bonds is breaking. If MLFM can be made to have the sensi-
tivity of the classical AFM, its ability to map out the entire
force profile associated with the cleavage of a single bond
will give us a great opportunity in the development of our
theoretical understanding of one of the most important el-
ementary interactions present everywhere in nature: the co-
valent bond.
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